Purpose. The objective of this project is to simulate the current published topographic indices used for the detection and evaluation of keratoconus to allow their application to maps acquired from multiple topographic machines. Methods. A retrospective analysis was performed on 21 eyes of 14 previously diagnosed keratoconus patients from a single practice using a Tomey TMS-1, an Alcon EyeMap, and a Keratron Topographer. Maps that could not be processed or that contained processing errors were excluded from analysis. Topographic indices native to each of the three devices were recorded from each map. Software was written in ANSI standard C to simulate the indices based on the published formulas and/or descriptions to extend the functionality of The Ohio State University Corneal Topography Tool (OSUCTT), a software package designed to accept the input from many corneal topographic devices and provide consistent display and analysis. Twenty indices were simulated. Linear regression analysis was performed between each simulated index and the corresponding native index. A cross-platform comparison using regression analysis was also performed. Results. All simulated indices were significantly correlated with the corresponding native indices (p Ͻ 0.01), with a mean R 2 of 0.84, ranging from 0.42 to 0.99. Cross-platform comparisons were nonsignificant for specific indices and devices. Conclusion. Topographic indices native to three devices were successfully simulated. Cross-platform comparisons may be limited for specific indices. (Optom Vis Sci 2006;83:682-693) 
T he measurement of corneal topography has become a useful tool in corneal analysis for a variety of clinical applications. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Since the early 1980s, when topographers were first introduced, many manufacturers have entered the corneal topography market, each with their own unique features and surface reconstruction algorithms as well as display and analysis procedures. Standards were not written until after the market was well developed (ANSI Z80. ) and thus have not been adopted by many manufacturers who opted for consistency with their earlier models rather than the changes represented by the standards. The result is tremendous inconsistency across instruments making it cumbersome to compare maps generated from different systems, even when acquired from the same patient at the same time (Fig. 1) . This makes it difficult to evaluate temporal trends on individual patients if the clinician changes their topographic system of choice or if the patient is referred to a practitioner using an alternative device. In addition, multicenter clinical trials may be dependent on multiple machines for data acquisition presenting problems in data comparison across sites.
The underlying technologies used by various topographers are also distinct; three of them illustrated in Figure 1 . The most common technology used to measure corneal topography is the Placido disk system. For this technology, concentric rings of light are reflected from the corneal surface. An image of the rings is captured, and the deformations in the ring pattern in the image are used to reconstruct the shape of the cornea. Some devices use small cones to project the ring pattern, whereas others use large cones, the size of which affects corneal coverage and sensitivity to errors of focus. In addition, the number of projected rings varies, which determines the spatial resolution and the ability of the device to repre- Simulation of Machine-Specific Topographic Indices- Mahmoud et al. 683 sent rapidly changing curvature patterns and curvature extremes such as in keratoconus. As a result, thousands of points are generated to represent the shape of the cornea in the form of color-coded dioptric and elevation displays to assist in the interpretation of the data. However, these color maps only allow subjective, qualitative analysis of the data. [1] [2] [3] [4] [5] Topographic indices are an attempt to quantify the vast amount of data into a single or relatively few meaningful numbers. There are three basic types of indices: whole cornea indices, regional indices, and composite indices. In general, a whole cornea index is calculated by analyzing the entire corneal surface represented by a topographic map and returning a value representative of that map. A regional index is similar to a whole cornea index, except only a specific area of the topographic map is analyzed to generate the index. A composite index is simply a mathematical combination of two or more whole cornea and/or regional indices.
Many of the indices in use were developed as indicators for the presence or absence of keratoconus. 2, 4, 6, 7, [21] [22] [23] [24] Keratoconus is a noninflammatory ectasia of the cornea of unknown etiology characterized by progressive thinning and cornea steepening. [25] [26] [27] Tracking progression is vital to obtain a better understanding of the disease. 4,8,28 -34 In addition, as a result of its progressive nature, refractive surgery is not recommended to correct decreased vision associated with keratoconus. Therefore, it is important to accurately screen candidates when considering a laser refractive procedure, further driving the development of indices. 2, 4, 6, 7, 35 Additionally, topographic indices have been used in an attempt to distinguish between keratoconus and other abnormalities such as contact lens-induced warpage and other forms of irregular astigmatism. 9,10,36 -42 Indices have also been used to estimate visual acuity and assist in contact lens fitting. 3, 5, [11] [12] [13] [14] [15] Current published indices were developed and implemented by specific topographic manufacturers in collaboration with various investigators. Thus, many of the indices are proprietary and thus instrument-specific. This can cause problems when trying to implement indices across instruments. For example, calculation of a regional index might depend on dioptric values associated with rings 7 through 12. These rings represent a specific region on a small-cone Placido device with 28 rings and would represent a different area on a large cone Placido device with 18 rings. Although this index might have a specific meaning for the 28-ring device on which it was developed, it would likely have an alternative interpretation on a different device. In addition, it would have little meaning for non-Placido ring technologies. The index would therefore be directly instrument-specific as a result of its reliance on the ring number in its calculation.
Presently, there is no standard technique for relating corneal topographic indices from various devices. Various indices are generated for each system, and the same indices on different systems are sometimes calculated differently. The purpose of this study is to simulate the current published TMS, Alcon, and Keratron indices so they can be applied to data acquired from any topographic machine.
METHODS
A retrospective analysis was performed on 21 eyes from 14 previously diagnosed keratoconic patients out of a single practice that had been scanned using a TMS-1 (version 1.60; Tomey Technology, Waltham, MA), an EyeMap EH-290 (version 5.50.03; Alcon Laboratories, Fort Worth, TX), and a Keratron Corneal Topographer (version 2.0; Optikon, Rome, Italy). Subjects had participated in a previous study in which multiple maps had been acquired during a single session. Because the purpose of the current study was mathematical development of simulated topographic indices, all maps that could be processed from each subject were included in the development process. Each map was manually examined for accuracy of ring processing, and maps with errors were excluded. Ultimately, 54 maps of 21 eyes of 14 subjects were included for the TMS indices, 41 maps of 15 eyes of 11 subjects for the Keratron indices, and 10 maps of 10 eyes of 8 subjects for the Alcon EyeMap indices. Routines were written in ANSI standard C based on the published formulas and/or descriptions to extend the functionality of The Ohio State University Corneal Topography Tool (OSUCTT), a software package designed to accept the input from many corneal topographic devices and provide consistent display and analysis. 1 When inconsistencies existed in the published formulas, the best attempt was made to simulate the results obtained from the subjects as described for each index. In addition, instrument-specific parameters such as ring number were mapped to appropriate corneal regions to make the indices applicable to various devices. Native and simulated indices of multiple maps were averaged before analysis. Also, correlation analyses were run on the native indices comparing left and right eyes of subjects from whom both eyes were included to investigate independence between eyes. Linear regression analysis was then performed using SAS System for Windows V8 comparing the native indices and the simulated indices calculated by the OSUCTT.
Tomey TMS Indices
Although the TMS-1 is no longer produced, it is still in wide clinical use. In addition, the same set of TMS-1 indices used in the current study has been implemented in later models produced by the manufacturer. This is a small cone device with two interchangeable cones, one with 25 rings and one with 32 rings. For each of the subjects, the following 15 indices were recorded from the TMS-1, including those labeled Rabinowitz and those labeled Klyce/Maeda: K value, IS value, SimK1, SimK2, Cyl, ACP, SDP, DSI, OSI, CSI, AA, SAI, SRI, IAI, and KPI. Definitions and formulas are given in subsequent paragraphs. The data from the TMS-1 were processed through the OSUCTT to generate the simulated indices.
For all indices, the first character "s" stands for simulated and the "_a" implies the index is calculated from axial curvature data.
TMS-1 Index Descriptions K. This is described in the literature as the average dioptric power of the points on rings 2 to 4 from the videokeratograph. 4 sKVAL_a. The simulation index calculates the average dioptric power of the points in the central 3-mm diameter of the cornea.
Inferior-Superior. Inferior-superior index is the difference between the inferior and superior average dioptric values approximately 3 mm peripheral to the corneal vertex as defined by the center of the map. Inferior and superior average values are calculated by averaging 15 dioptric values on rings 14, 15, and 16 at 30°i ntervals in the inferior and superior portions, respectively.
sISVAL_a. The simulated index calculates the difference between the inferior and superior average powers in an annulus approximately 3 mm peripheral to the corneal vertex.
SimK1/SimK2. SimK1/SimK2 are the average dioptric values of rings 8 to 10 of the major and minor axes. 1 The greatest average power is defined as SimK1. SimK2 is defined as the average power of the meridian 90°from the "steepest" meridian. 4 sSIMKS_a/sSIMKF_a. The simulated indices are calculated from the pair of meridians 90°apart with the greatest difference in average power, from 0.5 mm to 2.0 mm radius, thus maximizing CYL. The greater average is sSIMKS_a and the lesser average is sSIMKF_a. Thus, sSIMKS_a is the simulated value for SimK1 and sSIMKF_a is the simulated value of SimK2.
CYL. CYL is defined as the difference between SimK1 and SimK2.
sCYL_a. The simulated index is the difference between sSIMKS_a and sSIMKF_a.
ACP. ACP is average central dioptric power, which overlies the entrance pupil.
sACP_a. The simulated index is average dioptric power of all points within the central 3 mm.
SDP. SDP is the standard deviation of all measured powers present on the map.
sSDP_a. The simulated index is the standard deviation of all measured powers present on the map.
DSI. Differential sector index reports the greatest difference in average area-corrected power between any two 45°sectors. 7 sDSI_a. To calculate an area-corrected average for a region, each dioptric value is multiplied by the area of the cornea from which it was derived, and the subtotal is divided by the total corneal area of the region analyzed. However, the literature does not specify how the area responsible for each point is determined. In addition, the method is most likely specific to the TMS models. To solve this problem, a 257 ϫ 257 matrix was constructed with the point (128,128) defined as (0,0). The height and width of the matrix is defined as 9 mm. The matrix is then filled with the topographic data using a closest point method. The number of times a specific data point is referenced is proportional to the area of the cornea from which it was derived. The simulated index is the greatest difference in average area-corrected power between any two 45°s ectors OSI. Opposite sector index reports the greatest difference in average area-corrected power between opposite 45°sectors. 7 sOSI_a. The area-corrected average regional value was calculated as described under DSI. The simulated index is the greatest difference in average area-corrected power between opposite 45°s ectors.
CSI. Center/surround index reports the difference between the average area-corrected power between the central area (3-mm diameter) and an annulus surrounding the central area (3-6 mm). 7 sCSI_a. The area-corrected average regional value was calculated as described under DSI for both the central 3-mm diameter area and the annulus from 3 mm to 6 mm surrounding the central region. These two average regional values are then subtracted.
AA. Area analyzed is the ratio of the interpolated data area to the area circumscribed by the last ring found in a videokeratoscope image. 7 sAA. The simulated index is the ratio of the actual data area to the area circumscribed by a circle 4.5 mm in radius.
SAI. The surface asymmetry index is the centrally weighted average of the summation of differences in corneal power between corresponding points on individual videokeratograph rings 180°a part from 90 or 128 equally spaced meridians, depending on which reference one uses. 16 -18 sSAI_a. The simulated index is the centrally weighted average of the summation of differences in corneal power between corresponding points on individual videokeratograph rings 180°apart from all meridians. "The centrally-weighted value is obtained by first calculating the surface area of the cornea enclosed by each ring and dividing that area into the respective average power for that ring. The final parameter is determined by dividing the summation of these weighted corneal powers for all rings by the total summation of the reciprocals of the ring areas." 16 SRI. The surface regularity index in ". . . mathematical terminology, any difference in power gradient between successive ring pairs was assigned a positive value and added to the running sum. This process was continued for the inner most 10 rings for all 256 hemimeridians, and all those surface powers that were within a Ϯ 1.00 D window of the most frequently occurring surface power within the central cornea." Equation 1 was reported as the formula for SRI.
i: semimeridianal position j: ring number A: scaling constant B: scaling constant The values for the constants A and B in equation 1 were not given in the reference defining this index. An explanation for taking the natural log of the sum was also not provided.
sSRI_a. It is stated in the reference that "for a perfectly smooth surface, SRI would approach 0." However, this is not the behavior of the formula given in equation 1. For a perfectly smooth spherical surface, the summation would approach zero and SRI would approach ln [0] -B, which is -ϱ -B. Attempts were made to obtain an explanation for the discrepancy from the manufacturer, who cited proprietary reasons for their inability to provide further information. Numerous implementations of this equation were attempted in an effort to model the text description of SRI. The best results were achieved without the Ϯ 1.00-D window limitation. The summation was calculated and divided by the number of data points. Also, to use the natural log, the constant A was set to e 3 and B was discarded. The final SRI simulation formula was obtained after scaling the natural log of the summation by the parameters of the linear regression comparing the native SRI with the unscaled simulated SRI for all included subjects, given in equation 2. 
sIAI_a. IAI is an area-corrected version of SRI. The sum was divided by the total area analyzed as well as normalized by the number of points. The simulated index corrects for area analyzed alone to remove redundancy. In addition, for a perfectly smooth spherical surface IAI ϭ B‫ء‬ln͓ϪD͔. Numerous implementations of this index were attempted. Calculating the summation and dividing by the sum of the area analyzed achieved the best results. The constants C and D were discarded. The constant B was implemented in the final IAI simulation formula by using the parameters of the linear regression comparing the native IAI with the unscaled simulated IAI for all included subjects. ded subjects. (4) i: semimeridianal position j: ring number P i,j : corneal power on the point (i,j) ⌬A: area, which corresponds to power P i,j KPI. The keratoconus prediction index is a compilation index of DSI, OSI, CSI, SAI, SimK1, SimK2, IAI, and AA reported in the literature as equation 5. 7 It is written as a percentage probability that the map demonstrates a keratoconic pattern. 
sKPI_a. When the sum given in equation 3 is calculated using values of the eight native indices taken directly from the TMS-1, it does not match the native value of KPI generated by the TMS-1, as shown in Figure 2 . Two of the KPIs generated were negative, which is inconsistent with a percentage value. In addition, it appears that two thresholds were implemented, one above that was assigned 100% probability of keratoconus and a second below that was assigned 0% probability of keratoconus. Therefore, to generate the simulated KPI, equation 5 was calculated using the simulated indices and then scaled by the parameters of the linear regression comparing the native KPI (excluding those subjects with a negative native KPI, 100% native KPI and 0% native KPI) with the unscaled simulated KPI for all included subjects. 
Alcon EyeMap Indices
These indices are found on the Alcon EyeMap instrument, which is no longer manufactured but is still in clinical use. It is a large cone device with 22 rings. The indices implemented on the Alcon EyeMap were originally developed, tested, and reported on the TMS. 6 There is some overlap with the TMS indices (K value, I-S value, and so on) as well as new indices (SRAX and KISA).
SRAX. "The SRAX (skew of steepest radial axes) index is calculated in the following manner: The steepest axis above the horizontal meridian is identified by averaging the dioptric power points on rings 5 to 16 along a radius from the center of the videokeratograph, the steepest below the horizontal meridian is similarly identified, the angular difference between the two slopes is measured in degrees, and this value is then subtracted from 180 to give the SRAX index in degrees." 2, 6 sSRAX_a. Three techniques for locating the two steepest meridians were attempted in an effort to match the native indices produced by the Alcon EyeMap. First, the steepest meridians were identified by averaging dioptric power points within 1.6 mm of the center of the map. The second approach used all data on the map. The third and ultimately best approach used data within 1.6 mm of the center of the map and a window around the hemimeridian. An example TMS-1 analysis screen. The value of keratoconus prediction index calculated using the published formula (33%) does not match the value produced by the TMS-1 (75%).
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For example, when calculating the average power for hemimeridian 5, the dioptric power points on hemimeridian 4 and 6 were also included. This was done in an attempt to reduce noise when finding the steepest axes. The simulated index is the angular difference between the two steepest meridians, measured in degrees, and this value is then subtracted from 180 to give the simulated SRAX index in degrees.
KISA%. The KISA% is a composite index of K value, I-S value, CYL, and SRAX. 6 KISA% ϭ ͑ Kvalue*ISvalue*CYL * SRAX * 100 ͒ 300 (7) sKISA%. The simulated index for equation 7 was calculated using the individual simulated indices with the Kvalue, I-S value, and CYL as described under TMS indices.
Keratron Indices
These indices are found on the Keratron Corneal Topographer, which is manufactured by an Italian company (Optikon) and distributed in the United States (EyeQuip). It is a small-cone device with 28 rings and is in clinical use worldwide.
Three indices, BFS, BFC, and TI, were reported by Maloney et al. and implemented on the Keratron. BFS and BFC are components of the best-fit spherocylinder that is fit to the central 4 mm of the videokeratograph. TI, the topographic irregularity, is the root mean square difference between the best-fit spherocylinder and the actual topographic data. 5 The simulated BFS (sBFS_a) and BFC (sBFC_a) are components of the best-fit spherocylinder that is fit to the central 3 mm of the videokeratograph. A smaller-fit zone was chosen as a result of a difference between the first published description and the actual implementation of the index. The glossary in the "help" file on the Keratron defines the Maloney indices as "the best-fit indices (BFS ϭ Best Fit Sphere, BFC ϭ Best Fit Cylinder and TI ϭ Topographic Irregularity) of an ideal spherocylindric surface that best-fits the axial map over central 3 mm." To calculate the simulated BFS and BFC, values similar to SimK1 and SimK2 are calculated over the central 3 mm. BFS is the average of these two numbers and BFC is the difference between them. The simulated TI (sTI_a) is the root mean square difference between the simulated best-fit spherocylinder and the actual topographic data over the same area.
Cross-Platform Comparison
To compare the simulated indices across platforms, a series of six regression analyses were performed between simulated indices calculated using data from pairs of devices. Comparisons included the simulated TMS indices: TMS versus Alcon and TMS versus Keratron; simulated Alcon indices: Alcon versus TMS and Alcon versus Keratron; and simulated Keratron indices: Keratron versus TMS and Keratron versus Alcon. For each comparison, only those subjects who had valid examinations on both devices were included.
RESULTS
Only three native indices had a significant correlation between eyes of the same subject, KVal, SimK2, and CSI. All other native indices were independent, which validates the use of both eyes of the same subject. All simulated indices were significantly linearly correlated with the corresponding native indices (p Ͻ 0.01) with a mean R 2 of 0.84 and ranging from 0.42 to 0.99. The individual values are listed in Table 1 . Note that KISA% could only be calculated on four maps as a result of lack of coverage by the Alcon EyeMap and thus the inability to calculate the IS value. Sample plots of the regression analyses of native TMS indices against the simulated TMS indices are given in Figure 3 . The plots of the regression analyses of the two native Keratron indices against the simulated Keratron indices are given in Figure 4 .
The results of the cross-platform regression analyses are given in Table 2 . Note that the n is lower for both Sisval and Skisa as a result of the inability to calculate these simulated indices on some maps as a result of inadequate coverage. The performance across platforms is reduced for specific simulated indices than when comparing native indices with simulated indices on the same platform.
DISCUSSION
Most of the indices were simulated with a high correlation to the native indices generated by the devices. These results give the user confidence that the authors have generally been able to mimic the index implementations on the devices. In addition, clinicians can interpret the indices calculated for a particular patient with confidence in their meaning.
However, there were some inconsistencies between the published formulas of several of the indices and the values generated by the devices. As an example, the published formulas for the indices IAI and SRI contained mathematical inconsistencies. In addition, the KPI calculated with the native component indices using the published formula does not match the KPI reported by the instru- 688 Simulation of Machine-Specific Topographic Indices-Mahmoud et al. ment. This is illustrated in Figure 2 . The authors contacted Tomey in an effort to resolve the discrepancies but were unable to obtain the necessary information. Proprietary reasons were cited. Therefore, interpretation of these three native TMS indices obtained from an actual patient becomes ambiguous, because it is not clear what the numbers actually represent. For the remainder of the TMS indices, the correlations between simulated and native indices are excellent and give the user confidence in their use. The greatest difficulty in simulating native topographic indices was found using the Alcon EyeMap, which resulted in the ability to calculate KISA% on only four maps. One problem may lie in the data the Alcon EyeMap uses for generating indices. By default, the Alcon system generates maps that are interpolated to maximize the area displayed and smoothed to remove noise. It is not clear whether the indices are calculated using this interpolated/ smoothed data or the raw data. The simulated indices were calculated using the raw data. The Alcon EyeMap could generate keratoconus indices for only 10 of the examinations taken. OSUCTT could calculate KISA% on only four of these examinations. Although the interpolated and smoothed data appear to have adequate coverage, the raw data is not as complete. Because there were no data out to 3 mm in six of the 10 maps that could be processed, the I-S value could not be calculated, and therefore KISA% could not be calculated. Regardless, the simulation was highly successful with an R 2 of 0.99.
SRAX, which had an R 2 of 0.71, is predicated on a pattern of irregular astigmatism, which may not exist for patients with central cones or even peripheral cones of various shapes. A central cone is steep in all meridians, because the map is centered on the apex of the cone. There are not two "steepest" meridians to extract for calculation of the SRAX leading to almost arbitrarily selected meridians.
It must be remembered that curvature is a two-dimensional quantity and that a keratoconus "cone" is three-dimensional in nature. The irregular astigmatism pattern that SRAX is trying to detect is characteristic of a cone that is less curved on its apex in the meridional direction than it is on the apex in the sagittal direction. This concept is illustrated in Figure 5 , which demonstrates the tangential curvature, axial curvature, and mean curvature of one of the subjects in this study. All six maps are representations of the corneal surface that was acquired by an Orbscan Corneal Topographer and imported into the OS-UCTT for processing and display. Each point on the mean curvature map represents the average of the two principal curvatures (at right angles to each other) of that point. It can be seen that the mean curvature map shows an actual "cone" rather than a pattern of irregular astigmatism. This illustrates that the irregular astigmatism seen in keratoconus likely represents a "cone" that is centered somewhere between the two irregular steep meridians observed in a standard tangential or axial map. Alcon (left), Keratron (middle), and TMS (right) maps processed through the OSUCTT to provide consistent color scales and display parameters from subjects in the study. (A) An example with substantial differences between topographers, which will lead to differences in the simulated indices calculated across platforms. (B) An example with smaller differences across platforms.
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The cross-platform analysis highlights problems in the direct comparison of specific simulated indices using data from three topographic devices. These issues are the result of the nature of the specific index as well as fundamental device differences in spatial resolution and surface reconstruction, as illustrated in Figure 6 . The cross-platform differences may be systematic. If so, then algorithms may be developed to "translate" specific simulated indices from one device to other platforms. Research is currently underway to develop translation algorithms based on the current simulated indices. An alternative approach has been reported in the literature based on neural network analysis. 43 In summary, topographic indices from three devices have been independently simulated. Machine-specific parameters were generalized and mapped to appropriate corneal regions, rather than specific rings, to make these indices applicable to maps obtained from a variety of topographic devices. Fundamental device differences limit cross-platform comparisons for specific indices.
